Mikus CR, Fairfax ST, Libla JL, Boyle LJ, Vianna LC, Oberlin DJ, Uptergrove GM, Deo SH, Kim A, Kanaley JA, Fadel PJ, Thyfault JP. Seven days of aerobic exercise training improves conduit artery blood flow following glucose ingestion in patients with type 2 diabetes. J Appl Physiol 111: 657-664, 2011. First published July 7, 2011 doi:10.1152/japplphysiol.00489.2011.-The vasodilatory effects of insulin account for up to 40% of insulin-mediated glucose disposal; however, insulin-stimulated vasodilation is impaired in individuals with type 2 diabetes, limiting perfusion and delivery of glucose and insulin to target tissues. To determine whether exercise training improves conduit artery blood flow following glucose ingestion, a stimulus for increasing circulating insulin, we assessed femoral blood flow (FBF; Doppler ultrasound) during an oral glucose tolerance test (OGTT; 75 g glucose) in 11 overweight or obese (body mass index, 34 Ϯ 1 kg/m 2 ), sedentary (peak oxygen consumption, 23 Ϯ 1 ml·kg Ϫ1 ·min Ϫ1 ) individuals (53 Ϯ 2 yr) with non-insulin-dependent type 2 diabetes (HbA1c, 6.63 Ϯ 0.18%) before and after 7 days of supervised treadmill and cycling exercise (60 min/day, 60 -75% heart rate reserve). Fasting glucose, insulin, and FBF were not significantly different after 7 days of exercise, nor were glucose or insulin responses to the OGTT. However, estimates of whole body insulin sensitivity (Matsuda insulin sensitivity index) increased (P Ͻ 0.05). Before exercise training, FBF did not change significantly during the OGTT (1 Ϯ 7, Ϫ7 Ϯ 5, 0 Ϯ 6, and 0 Ϯ 5% of fasting FBF at 75, 90, 105, and 120 min, respectively). In contrast, after exercise training, FBF increased by 33 Ϯ 9, 39 Ϯ 14, 34 Ϯ 7, and 48 Ϯ 18% above fasting levels at 75, 90, 105, and 120 min, respectively (P Ͻ 0.05 vs. corresponding preexercise time points). Additionally, postprandial glucose responses to a standardized breakfast meal consumed under "free-living" conditions decreased during the final 3 days of exercise (P Ͻ 0.05). In conclusion, 7 days of aerobic exercise training improves conduit artery blood flow during an OGTT in individuals with type 2 diabetes. exercise; diabetes; blood flow
THE PREVALENCE of obesity and obesity-related diseases, including type 2 diabetes, is rapidly increasing in the United States and around the world. In 2007, nearly 23.6 million Americans had type 2 diabetes, and an additional 57 million had prediabetes (11) . Current projections estimate that by 2050, as many as one in every three Americans will have type 2 diabetes (6).
Type 2 diabetes is characterized by insulin resistance, or the inability of insulin to stimulate glucose uptake. Skeletal muscle is the primary sink for glucose disposal, and insulin-mediated skeletal muscle glucose uptake is critically dependent on insulin action in both skeletal muscle and in the vasculature (48) . In the endothelium, insulin stimulates the production of the vasodilator nitric oxide and the vasoconstrictor endothelin-1 (16, 33, 35) . In the absence of disease, the net result of insulin stimulation is vasodilation, which increases perfusion and delivery of glucose and insulin to target tissues. The hemodynamic effects of insulin typically account for up to 40% of insulin-mediated glucose uptake (3) . However, an imbalance in the production of nitric oxide and endothelin-1 appears to blunt insulin-mediated increases in blood flow in obese and insulinresistant individuals (3, 7, 26) .
Aerobic exercise enhances skeletal muscle glucose uptake in individuals with type 2 diabetes (5, 13, 24) . Although improvements in insulin-mediated glucose uptake in response to exercise are commonly attributed to changes in glucose transport mechanisms within skeletal muscle cells (14) , evidence of gains in endothelium-dependent vasodilation following exercise in individuals with type 2 diabetes (12, 37) suggest insulin-mediated blood flow may be improved in response to exercise and may contribute to increases in skeletal muscle glucose uptake. However, the specific effects of aerobic exercise on insulin-mediated blood flow in individuals with type 2 diabetes remain poorly understood.
Chronic endurance exercise training is associated with greater limb blood flow and glucose disposal in response to insulin infusion in lean, healthy men relative to their sedentary counterparts (15, 19) . Further, a single bout of aerobic exercise enhances insulin-mediated limb blood flow in the elderly, an effect which appears to be mediated by enhanced insulinstimulated nitric oxide production and corresponds with improved whole body insulin-stimulated glucose disposal (18) . Importantly, these studies were conducted in relatively healthy populations, and it is unclear whether similar adaptations occur in individuals with type 2 diabetes.
The purpose of this investigation was to test the hypothesis that short-term aerobic exercise training improves conduit artery blood flow following glucose ingestion in individuals with type 2 diabetes. An oral glucose tolerance test (OGTT) was used to stimulate increases in plasma insulin (42) and to more closely replicate postprandial conditions than the hyperinsulinemic-euglycemic clamp technique (28, 34) . Femoral blood flow (FBF) was assessed during an OGTT before and after a 7-day aerobic exercise training program in patients with type 2 diabetes. The 7-day training period was chosen because it has been shown to improve skeletal muscle insulin sensitivity in individuals with type 2 diabetes (36, 39) but does not result in substantial cardiovascular and skeletal muscle adaptations commonly associated with chronic exercise training (10, 21) . Furthermore, because 7 days of exercise does not typically alter glucose or insulin responses to an OGTT in patients with type 2 diabetes (22), we were able to examine the effects of exercise on FBF, independent of changes in the glucose and insulin responses to the OGTT. Last, to determine whether the exercise program influenced day-to-day glycemic control under "free-living" conditions, the patients were also equipped with continuous glucose monitors to measure postprandial glucose responses to a standardized breakfast meal during the final 3 days of exercise.
METHODS
Participants. Sedentary (Ͻ60 min/wk structured physical activity), overweight or obese (body mass index 25-43 kg/m 2 ) individuals, 30 -65 yr of age, with non-insulin-dependent type 2 diabetes were recruited for participation in this study. The study protocol and procedures were approved by the University of Missouri Health Sciences Institutional Review Board, and written informed consent was obtained from all participants before enrollment in the study (ClinicalTrials.gov no. NCT00972452).
Volunteers completed detailed medical history questionnaires and underwent a medical examination and exercise stress test to determine eligibility. Exclusion criteria included smoking, consumption of Ͼ14 alcoholic drinks/wk, history or evidence of advanced cardiovascular, renal or hepatic diseases, proteinuria, diabetic retinopathy, nephropathy, or neuropathy, insulin use, orthopedic or other limitations that may interfere with their ability to exercise safely, hyper-or hypothyroidism, and HbA1c Ͼ10%.
Graded exercise testing. All subjects underwent a continuous incremental exercise test on a stationary cycle ergometer (Monarch, Monarch AB, Varberg, Sweden) for screening purposes and to ascertain maximal heart rate to determine target heart rates for the exercise training regimen. Participants maintained a cadence of 60 rotations/ min as the resistance was incrementally increased by 20 W every 2 min. Oxygen consumption was determined using indirect calorimetry (TrueOne 2400, Parvo Medics, Sandy, UT), and heart rate was monitored and recorded by electrocardiography. Peak oxygen consumption (V O2peak) was obtained when participants met at least three of the following criteria: 1) could no longer maintain proper cadence, 2) respiratory exchange ratio (RER) Ն 1.10, 3) heart rate within 10 beats of age-predicted maximum, or 4) plateau in oxygen consumption despite increase in workload.
Experimental design. Metabolic and cardiovascular responses to glucose ingestion (OGTT; 75 g glucose) were assessed prior to and following a 7-day aerobic exercise training program in individuals with non-insulin-dependent type 2 diabetes (Fig. 1) .
Exercise training. Participants completed 60 min of supervised aerobic exercise training at 60 -75% of heart rate reserve (HRR) for seven consecutive days. Each exercise session consisted of 20 min treadmill walking, 20 min stationary cycling, and 20 min treadmill walking. Heart rate was continuously monitored using Polar heart rate monitors, and exercise intensity was adjusted at 5-min intervals to maintain heart rate within the desired range. Whereas the effects of a single bout of exercise on insulin sensitivity and glucose tolerance in patients with type 2 diabetes are disputable (36, 39) , prior studies have established that 7 days of aerobic exercise training at this intensity is sufficient to enhance insulin sensitivity in individuals with type 2 diabetes, but does not produce measurable adaptations associated with chronic exercise training, such as increases in skeletal muscle mitochondrial content or capillary density, increases in stroke volume, or significant alterations in body weight or composition or other traditional biomarkers of health (cholesterol, fasting blood glucose) (10, 21) . Importantly, this allowed us to determine the effects of exercise on FBF during an OGTT independent of the secondary effects of classic chronic exercise training adaptations.
Experimental protocol. On experimental days, participants were instructed to refrain from medication use. Diet was standardized for 3 days before the OGTT to ensure adequate glycogen repletion. Additional snacks were provided during each day of exercise training to compensate for the energy cost of exercise and to avoid confounding effects of negative energy availability. All postexercise OGTTs were performed within 12-20 h of the last exercise bout, as previously described (17) .
Subjects were positioned supine in a quiet, climate-controlled room (22-23°C) between 6:00 and 8:00 am after an overnight (10 -12 h) fast and were instrumented for measures of heart rate, arterial blood pressure, respiration, and FBF. An intravenous catheter was placed in an antecubital vein. Following Ն30 min of quiet rest, baseline variables and blood samples were collected. The participants then ingested a standard 75-g glucose drink within 2 min, and all variables were measured for 5 min at 15-min intervals for the next 120 min. Venous blood samples were collected every 15 min, and the resulting plasma was stored at Ϫ80°C for subsequent analysis of plasma glucose, insulin, and C-peptide concentrations. The OGTT served to increase plasma insulin concentrations, allowing us to examine changes in limb blood flow under physiologically relevant conditions, as previously described (1, 3, 28, 42) .
Experimental measurements. Heart rate was recorded continuously by a lead II electrocardiogram (Quinton Q710, Bothell, WA). Arterial blood pressure was obtained by auscultation of the brachial artery using an automated sphygmomanometer (Welch Allyn, Skaneatles Falls, NY). Mean arterial blood pressure (MAP) was calculated as MAP ϭ [(2 ϫ diastolic blood pressure) ϩ systolic blood pressure]/3. Respiratory movements were monitored using a strain-gauge pneumograph placed in a stable position around the abdomen to ensure relatively normal breathing during data collection periods (Pneumotrace, UFI, Morro Bay, CA).
FBF was measured in the right leg using a duplex Doppler ultrasound system (Logiq 7, GE Medical Systems, Milwaukee, WI) equipped with a 7-MHz linear array transducer, as previously described (51, 52) . Briefly, the common femoral artery was imaged 2 cm proximal to the bifurcation of the superficial and deep branches. Simultaneous measurements of femoral artery blood velocity and vessel diameter were performed using the same probe in pulsed-wave mode, operating at a linear frequency of 5 Hz. All measurements were obtained with the probe fixed in position using a custom-designed clamp to maintain an insonation angle Յ 60°. Photographs were taken at baseline to record the precise position of the transducer on each subject's leg and were used to reproduce the arrangement during the return visit. The sample volume was maximized according to vessel size and was centered within the vessel based on real-time ultrasound visualization. Intensity weighted mean velocity (V mean) values were then calculated using commercially available software (Logiq 7). Arterial diameter was measured at a perpendicular angle to the axis of the vessel. Using arterial diameter and V mean, blood flow in the femoral artery was calculated as: blood flow ϭ Vmean(diameter/2) 2 ϫ 60, where blood flow is in milliliters per minute. Ultrasound parameters were unchanged during the course of the study, and all measurements were made by the same ultrasonographer who established day-to-day reproducibility of resting FBF measures with an intraclass correlation coefficient of 0.905 (P Ͻ 0.05).
Blood analysis. Baseline blood samples were sent to a commercial laboratory for analysis of lipids and HbA1c (Boyce and Bynum Pathology Labs, Columbia, MO). Serum samples collected during the OGTT were analyzed for glucose using the glucose oxidase method (Sigma, St. Louis, MO) and insulin and C-peptide by enzyme-linked immunosorbent assays (Immulite 1000 Analyzer, Siemens, Deerfield, IL). The glucose, insulin, and C-peptide area under the curve (AUC) were calculated by the trapezoidal method. C-peptide was measured as a marker of insulin secretion. The homeostasis model assessment (HOMA-IR) was calculated as previously described (31) . The Matsuda insulin sensitivity index (ISI) was calculated as previously described to provide an estimate of whole body insulin sensitivity that correlates with indexes of insulin sensitivity obtained from the hyperinsulinemic-euglycemic clamp (30) .
Continuous glucose monitoring. Glucose responses to a standardized breakfast meal under free-living conditions were assessed over 3 days at baseline and during the final 3 days of the exercise program using continuous glucose monitoring systems (CGMS: iPro CGM, Medtronic Diabetes, Minneapolis, MN). This method was modified from prior reports (29) . The evening prior to initiating each monitoring period, a glucose sensor was inserted subcutaneously in the abdominal region and connected to the CGMS monitor. The monitor continuously recorded interstitial glucose concentrations at 5-min intervals over the next 3 days. Participants were instructed to record the exact start and end time at which the breakfast meal was ingested each morning and to perform and record the results of Ն4 finger stick glucose readings (Accu-check Compact Plus, Roche Diagnostics) each day for calibration of the CGMS. The breakfast meal comprised a commercially available meal replacement drink and breakfast bar and contained 462 kcal (60% coming from carbohydrate, 24% from fat, and 16% from protein). At the end of each monitoring period, record books were collected, and data from the CGMS were processed using Solutions Software for CGMS iPro (Medtronic Diabetes). Glucose responses to the breakfast meal were averaged across the 3-day pre-and postexercise monitoring periods.
Anthropometric measures. Height, weight, and body composition (dual energy X-ray absorptiometry, Hologic QDR 4500A) were measured at baseline.
Statistical analysis. Statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC). Initial analyses revealed no significant sex-by-treatment interactions; therefore, the data were pooled for analysis. Differences in metabolic and cardiovascular responses to the OGTT (glucose, insulin, C-peptide, FBF, heart rate, and MAP) and breakfast meal (glucose) were detected using two-way repeated-measures ANOVA (SAS proc mixed), with the main effects being treatment (before and after 7 days of exercise) and time (15 min intervals between 0 and 120 min following the OGTT, 30-min intervals between 0 and 120 min following ingestion of the breakfast meal). Tukey post hoc testing was applied where significant main effects were detected. The effects of the 7-day aerobic exercise training program on all other variables (fasting lipids, HOMA, Matsuda ISI, glucose AUC) were determined using paired t-tests. Statistical significance was set at P Ͻ 0.05, and data are expressed as means Ϯ SE.
RESULTS
Eleven participants (6 men, 5 women) completed the study protocol. Baseline participant characteristics are described in Table 1 . Adherence to the exercise program was 100%. Participants accumulated 6,046 Ϯ 893 steps per day at baseline, and, excluding steps taken during exercise, 6,091 Ϯ 942 steps per day during the exercise intervention. Energy expended during exercise was estimated to be ϳ446 Ϯ 33 kcal/day, and, when combined with supplemental snacks provided during the exercise training period, resulted in an energy availability of approximately Ϫ136 Ϯ 66 kcal/day (Table 2 ). Plasma lipids 
Data are expressed as means Ϯ SE; n ϭ no. of subjects using each type of medication. BMI, body mass index; V O2peak, peak oxygen consumption; HbA1c, hemoglobin A1c; ACE, angiotensin-converting enzyme. did not change in response to 7 days of exercise training, nor did fasting glucose, insulin, or C-peptide (Table 3) . Likewise, changes in HOMA-IR, an index of insulin resistance calculated from fasting glucose and insulin concentrations, were not detected in response to the short-term exercise regimen.
Glucose and insulin responses to OGTT. Seven days of exercise training did not produce significant changes in the glucose, insulin, or C-peptide responses to the OGTT (Fig. 2) . However, the Matsuda insulin sensitivity index, an estimate of whole body insulin sensitivity derived from glucose and insulin responses to the OGTT, increased significantly (P Ͻ 0.05; Fig.  2 ) due to modest declines in plasma insulin in response to the OGTT. These data indicate less insulin was needed to dispose of the 75-g glucose load following the 7-day exercise program.
FBF. Fasting FBF did not change in response to 7 days of exercise training (313 Ϯ 38 vs. 309 Ϯ 28 ml/min; see Fig. 4) . Similarly, as expected, exercise training did not produce significant changes in baseline heart rate or mean arterial blood pressure (MAP) ( Table 4) . Before exercise training, FBF did not change significantly following glucose ingestion (Ϫ22.3 Ϯ 0.7, ϩ3.5 Ϯ 0.8, Ϫ28.3 Ϯ 0.7, Ϫ3.9 Ϯ 0.6 ml/min, change from fasting FBF at 30, 60, 90, and 120 min, respectively). However, after the week-long aerobic exercise training program, absolute FBF during the OGTT increased by Ϫ1.9 Ϯ 0.7, ϩ49.4 Ϯ 0.6, ϩ98.4 Ϯ 0.9*, ϩ114.0 Ϯ 1.1* ml/min above fasting FBF at 30, 60, 90, and 120 min, respectively (*P Ͻ 0.05 compared with corresponding preintervention time point; Fig. 3 ). Figure 3A depicts absolute FBF during the OGTT, and Fig. 3B depicts relative changes in FBF during the OGTT. These increases in FBF to the OGTT were attributed to increases in blood velocity as no change in femoral artery diameter was observed. Both before and after 7 days of exercise, initial, statistically insignificant declines in FBF (Ϫ81.8 Ϯ 0.8 and Ϫ64.0 Ϯ 0.7 ml/min from fasting FBF, respectively) were observed at minute 15. FBF then returned to baseline between 15 and 30 min during both phases, but continued to increase between minutes 45 and 120 only after 7 days of exercise. The improvement in FBF during the OGTT following exercise training was not accompanied by changes in heart rate or MAP following glucose ingestion (Table 4) .
Glucose responses to a standardized meal. In agreement with the improvement in the Matsuda ISI, 7 days of exercise training attenuated glucose responses to a standard breakfast meal measured by CGMS at 60, 90, and 120 min postmeal during the final 3 days of exercise training (Fig. 4 , P Ͻ 0.05). The glucose AUC 0 -120 measured by CGMS was similarly reduced (Fig. 4 , P Ͻ 0.05).
DISCUSSION
The primary novel finding of this study is that 7 days of aerobic exercise training increases FBF following glucose ingestion in patients with well-controlled type 2 diabetes. We also observed gains in the Matsuda ISI, an index of insulin sensitivity derived from glucose and insulin responses to the OGTT. These data suggest that 7 days of aerobic exercise training improves FBF during an OGTT in individuals with type 2 diabetes, an effect we suspect may be mediated by improvements in insulin-mediated blood flow (1, 3, 42) .
To our knowledge, this study is the first to determine the impact of short-term exercise training on conduit artery blood flow following glucose ingestion in patients with well-controlled type 2 diabetes. Prior work has demonstrated that the hemodynamic effects of insulin are blunted in patients with type 2 diabetes (3, 26), and our data concur. Our group and others have described increases in limb blood flow in response to insulin infusion or mixed meal ingestion in healthy volunteers (41, 51) , yet, in the current study, despite exhibiting higher plasma insulin concentrations than those previously reported in healthy controls (51), we observed no change in FBF during an OGTT in patients with type 2 diabetes prior to the exercise intervention. The data presented here provide evidence that increases in conduit artery blood flow following glucose ingestion are attenuated in sedentary patients with type 2 diabetes, but suggest that improvements occur rapidly in response to daily exercise.
We have previously demonstrated that chronic exercise preserves microvascular reactivity to insulin in a rodent model of obesity and type 2 diabetes (32), and others have shown that 2 wk of voluntary wheel running improves insulin-mediated capillary recruitment and glucose uptake in the hindlimb of male hooded Wistar rats (38) . Clinical evidence for the role of exercise in maintaining or improving insulin-mediated blood flow comes primarily from studies establishing that increases in limb blood flow during insulin infusion are improved in the trained leg of healthy volunteers following 3 wk of single-leg knee extensor training (17) and following 10 wk of single leg cycling in healthy and insulin-resistant volunteers (13) . However, it should be noted that improvements in insulin-mediated blood flow after exercise training are not universally observed (42) , and one bout of single-leg cycling does not produce significant changes in insulin-mediated limb blood flow in healthy volunteers or patients with type 2 diabetes (13). Inconsistencies in the literature may be attributable to differences in the populations studied, interventions employed, methods used to measure blood flow, performing measures of blood flow in trained vs. untrained limbs, and/or the duration of the intervention (8) .
Whereas chronic exercise training produces a number of physiological adaptations, including changes in fitness, body composition, and skeletal muscle capillary density and oxidative capacity, which influence blood flow responses to feeding or insulin infusion (20, 25, 44, 45 ) these factors are not altered significantly in response to acute or short-term exercise training (10, 21) . Thus, in studies employing chronic exercise training, it is difficult to distinguish the specific effects of exercise from those of changes in these and other factors. The data presented here provide clear evidence that short-term exercise training improves conduit artery blood flow following glucose ingestion in patients with type 2 diabetes, independent of changes in fitness, adiposity, skeletal muscle capillary density and oxidative capacity, or energy balance. Data are expressed as means Ϯ SE. Cardiovascular responses to the oral glucose tolerance test at baseline and following the 7-day aerobic exercise program.HR, heart rate; MAP, mean arterial pressure. Insulin is widely recognized as a vasodilator (7, 13, 16, 40) . Although the effects of other responses to glucose ingestion, such as the production of counterregulatory hormones, sympathetic activation, and/or increases in circulating glucose on blood flow, cannot be explicitly excluded in the present study, the role of insulin in mediating increases in blood flow has been well established (23) . Local insulin infusion increases forearm blood flow (9), insulin stimulates vasodilation in isolated vessels (16, 32) , and vasodilation in response to insulin infusion occurs more rapidly in the denervated limbs of patients who have undergone regional sympathectomy (40) . Thus, in accord with a number of prior studies, we consider insulin to be the key physiological mediator of changes in blood flow observed during the OGTT (1, 3, 42) . More importantly, our rationale for utilizing the OGTT was to more closely simulate postprandial conditions (34) . Although some studies have attempted to mimic postprandial conditions by establishing "physiological" insulin concentrations using the hyperinsulinemic-euglycemic clamp, insulin infusion alters sympathetic activation as well as circulating levels of catecholamines, fatty acids, and amino acids (27, 43, 50) while failing to adequately mimic the neural, hormonal, and temporal responses to meal ingestion (34) .
Perspectives
A number of studies have demonstrated a strong correlation between limb blood flow and glucose uptake across a broad range of insulin infusion rates in healthy and insulinresistant individuals (2-4, 13, 15, 26) . Insulin-stimulated blood flow and glucose uptake have also been shown to colocalize (46) and appear to be functionally linked (9) , suggesting improvements in insulin-mediated blood flow may contribute to enhanced insulin-stimulated glucose uptake in response to exercise.
In the present study, blood flow increased by nearly 50% during the OGTT following 7 days of exercise training. Consistent with previous studies utilizing the OGTT to assess changes in glucose tolerance with short-term exercise training (22), we did not observe significant changes in the glucose or insulin responses to the OGTT. However, glucose tolerance and insulin sensitivity are not equivalent, and studies employing the hyperinsulinemic-euglycemic clamp technique consistently report improvements in insulin sensitivity in patients with type 2 diabetes following 7 days of exercise training (22, 24, 49) . Likewise, the Matsuda ISI, an estimate of whole body insulin sensitivity (30) , increased after the 7-day exercise training program in the present study, suggesting that although glucose tolerance was not significantly affected by the exercise intervention, insulin sensitivity may have improved. Interestingly, we also observed a significant decrease in the glucose response to ingestion of a standard breakfast meal in free-living nonlaboratory conditions, as measured by CGMS. Although not the primary focus of this experiment, these data suggest peripheral glucose handling may have been improved in response to the 7 days of exercise training although this effect was not captured by the OGTT. Overall, further investigation is warranted to determine whether improvements in leg blood flow during an OGTT contribute to changes in insulin sensitivity and glycemic control.
Although the mechanistic underpinnings of the improvement in FBF during the OGTT following 7 days of exercise observed here are not yet clear, it is plausible that improved nitric oxide bioavailability may play a role. In the endothelium, insulin stimulates the production of the vasodilator nitric oxide and the vasoconstrictor endothelin-1 (16, 33, 35) . In the absence of disease, the net result of insulin stimulation is vasodilation, which increases perfusion and delivery of glucose and insulin to target tissues. However, an imbalance in the production of nitric oxide and endothelin-1 appears to blunt insulinmediated increases in blood flow in obese and insulin-resistant individuals (3, 7, 26) . Additionally, insulin-mediated blood flow is nearly ablated by the coadministration of a nitric oxide synthase inhibitor (47) . In this regard, increases in phosphoeNOS were associated with improvements in microvascular reactivity to insulin in response to voluntary wheel running in a rodent model of obesity and type 2 diabetes (32). Correspondingly, other measures of nitric-oxide dependent vasodilation are improved in patients with type 2 diabetes in response to aerobic exercise (12, 37) specifically in vessels which experience increases in shear stress during exercise (13) . Although we did not obtain traditional measures of endothelial function (i.e., blood flow responses to hyperemia or acetylcholine) in this study, these earlier reports suggest that enhanced nitric oxide bioavailability may have contributed to the improved blood flow responses to the OGTT. Further investigation is warranted to determine the precise mechanisms. Of note, the population studied here included patients with well-controlled type 2 diabetes who were free from advanced micro-and macro vascular diseases. Additional studies are needed to determine whether similar responses are observed in patients with uncontrolled type 2 diabetes or those with cardiovascular comorbidities as well as to identify the precise mode, intensity, and frequency of exercise that optimizes metabolic and hemodynamic responses to insulin.
In summary, a 7-day aerobic exercise program dramatically improved femoral artery blood flow following glucose ingestion in individuals with type 2 diabetes. The 7-day exercise training program also produced small but significant gains in the Matsuda ISI, an index of insulin sensitivity. In addition, we observed decreases in the glucose response to a standard breakfast meal measured by continuous glucose monitors. Collectively, these data suggest that 7 days of exercise training produces favorable hemodynamic responses to glucose ingestion in patients with type 2 diabetes.
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